For the first time results are presented of an indirect comparison of ten national standards for air kerma for ten radiation qualities of the ISO 4037 narrow spectrum series in the range from 30 kV to 300 kV. Nine of the ten participants maintain primary air kerma standards, one is traceable to PTB. 
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Introduction
Existing key comparisons between national air kerma standards for x-radiation are those for low-and medium-energy x-rays designated as BIPM.RI(I)-K2 [1] and -K3 [2] . The range of x-radiation qualities are from 10 kV to 50 kV and 100 kV to 250 kV characterized by halfvalue layers in the range from 0.037 mm Al to 2.262 mm Al and 0.15 mm Cu to 2.5 mm Cu, respectively. The air kerma rates in use are 1 mGy/s and 0.5 mGy/s. The ISO 4037 [3] narrow spectrum series x-ray qualities used for the comparison described in this work cover the range from 30 kV to 300 kV and are characterized by half-value layers from about 0.04 mm Cu to 6 mm Cu. Due to the heavier filtration the usual air kerma rates are in the much lower range from about 10 µGy/s to 20 µGy/s. Consequently, this supplementary comparison differs from the two existing key comparisons in the dose rate range being lower by about a factor of 100 and extends the radiation qualities from half-value layers of 2,5 mm Cu to about 6 mm Cu.
The ISO 4037 qualities are mainly used for the calibration of radiation protection detectors. It is sometimes necessary, to calibrate detectors of very large dimensions and consequently large field sizes are needed. However, the reference value of the air kerma rate is usually measured with free-air chambers which have apertures of the dimension of only a few centimetres. In order to examine the influence of different field sizes on the calibration coefficient it was decided to use transfer ionization chambers of different measuring volumes for the calibration of which field sizes of about 5 cm, 20 cm and 30 cm are needed. Radiation qualities of identical series but realized in different laboratories will usually be slightly different. In order to obtain some information about that, one of the transfer chambers was calibrated with and without an additional Cu layer of thickness 0.1mm in front of the chamber.
Procedure

Object of comparison
Three spherical ionization chambers of different volumes (30 cm 3 , 1000 cm 3 , 10000 cm 3 ) were calibrated in terms of air kerma. One of the chambers (30 cm 3 ) was also calibrated behind a Cu sheet of thickness 0.1 mm. With the first three chambers the influence of field size effects (like homogeneity and filter produced scattered radiation) on the comparison results was to be examined. The chamber/Cu-sheet combination was to serve as an indicator in the case of not matching radiation qualities between the participants.
Transfer chambers
The main technical data of the three spherical chambers used as transfer standards for the comparison are listed in Table 1 . All chambers were manufactured by the Austrian Research Center Seibersdorf. They are otherwise in use as secondary standards at the PTB since more than 15 years. The wall material of all chambers consist of DELRIN R 500 of thickness 3 mm. The reference point of the chambers is the centre of the sphere. The chambers were aligned in the beams with the white point marked on the wall facing the radiation source. The signal connection of the chambers was a BNC plug and the chamber high voltage was connected with a banana plug. The TK30 was circulated together with a 0.1 mm thick Cu sheet in a frame holder construction which could optionally be fixed on the chamber stem in a unique way. Pictures of the transfer chambers are shown in Appendix A. 275 mm 80 mm -1000 V <0.2% up to 10 mGy/h
Radiation qualities and reference conditions
The radiation qualities used for the comparison were the narrow-spectrum series defined in ISO 4037-1 [3] for tube potentials between 30 kV and 300 kV. Characteristics of the narrowspectrum series are shown in Table 2 . The calibration coefficients for the transfer chambers were given in terms of air kerma per unit charge in units of Gy/C and referred to standard conditions of air temperature, pressure and relative humidity of T = 293.15 K, P = 1013.25 hPa and h = 50 %, respectively. 
Participants and course of comparison
Ten participants, listed in Table 3 , were included in the comparison. PTB was the pilot laboratory. A star-shaped circulation of the chambers between PTB and the other participants was realized. After each participant's calibration the PTB performed chamber constancy checks.
The chambers stayed at the participants site for no longer than 3 weeks. The results were reported to the coordinator within 6 weeks after the calibration. An MS-Excel sheet was provided by the coordinator in which information about the radiation qualities and primary standards used at the participants site and the calibration results were filled in. The uncertainties were given in accordance with the ISO Guide to the expression of uncertainties in measurements [4] . The comparison was conducted from February 2004 until October 2005, as shown in Table 4 . 
Results
Energy dependence of the response of the transfer chambers
The correction factor for the radiation quality, as a function of the mean energy of the radiation quality measured at PTB is shown in Figure 1 . 
Stability measurements
Stability measurements were performed at the PTB after each participant's measurements. In order to obtain maximum information all transfer chambers were calibrated each time for the ISO 4037 N-20 to N-300 and in addition for 137 Cs and 60 Co γ radiation at comparable air kerma rates of the order of some µGy/h. Measurements were performed in February, April, June, August and November in 2004 and in February, April, August and October in 2005. The mean values and relative standard deviations of the samples are shown in Table 5 . The normalized air kerma responses of the transfer chambers measured during the comparison period are shown in Figs. 2 to 5. From the results obtained at Cs and Co gamma radiation it can be concluded that the chambers behaved sufficiently constantly during the comparison. It is important to note that for the x-radiations the TK30 was calibrated at 1m distance from the focal spot directly against the free-air chamber. The LS01 chamber was subsequently calibrated at 2 m distance against the TK30 and the LS10 at 3 m distance against the LS01. This procedure avoids problems due to low current signals of the free-air chamber at larger distances from the focal spot. For the TK30 chamber the variances of the calibration coefficients for the x-radiations are comparable to those for the gamma radiations. This is not true for the larger LS01 and LS10 chamber which reflected significantly higher variances for the x-radiations. This finding can neither be explained by type A uncertainties in the current measurements, which were always less than 0.1%, nor by differences in the set-up, which caused much lower uncertainties. It is assumed that the higher variances are due to effects of the larger radiation fields which might reflect slightly different dose rate profiles on different days. 
National air kerma standards and calibration conditions at the participant's sites
The essential technical data of the national air kerma standards of the participants and the essential parameters characterizing the calibration conditions at the participants sites are summarized in The calibration conditions were not exactly prescribed in the technical protocol in order to leave some degrees of freedom to the participants who could use their routine procedures for such kind of calibrations. Therefore the conditions were not the same at the participants sites. Different focal distances, beam sizes and air kerma rates were used as shown in Table 6 . Most of the participants calibrated the TK30 directly against their primary standards at distances between 1000 mm and 1500 mm. The NPL and STUK used secondary standards for this purpose. The NPL and STUK calibrated all three transfer chambers at the same (large) distances of 2900 mm and 3000 mm, respectively. Due to time constraints, NPL was obliged to calibrate all of the chambers at the same time. To accommodate the size of the LS10 chamber, the calibrations were performed at 2900 mm focal distance instead of the 2000 mm used routinely. Except NIST, who calibrated the larger chambers directly against their primary standard, all other participants used secondary standards for this purpose. The LS01 chamber was calibrated at focal distances between 1000 mm and 4235 mm, the LS10 at distances between 2000 mm and 5360 mm.
It is useful to know the signal currents of the national standards and the transfer chambers during the measurements at the participant's sites. Therefore the approximate currents were calculated from the given air kerma rates at N-30 and/or N-100 and the known measuring volumes of the ionization chambers. The values are also listed in Table 6 . The signal currents of the national standards in Table 6 correspond to the air kerma rates used by the participants for the calibration of the TK30. Signal currents between 0.4 pA at ARPANSA and 37.5 pA at STUK were obtained. Depending on the leakage these signal currents caused more or less type A uncertainties in the determination of the conventional true value of the air kerma rates (see Table 9 in chapter 3.5). The signal currents of the transfer chambers were generally much larger than their expected leakage currents and therefore did not cause any considerable type A uncertainties in the majority of the measurements at any site.
The half value layers of the ISO 4037 narrow spectrum series realized at the participant's sites are listed in Table 7a together with the values given in the standard itself. The normalized values in Table 7b show that all values agree with those of the standard within ± 5 %. 
Calibration coefficients of the participants
The calibration coefficients and uncertainties obtained by the participants are listed in the Tables B1 to B4 and are also shown in the figures B1 to B4 of Appendix B. In order to present the results for each transfer chamber in a way that the relative variation of the data can easily be recognized they were normalized for each radiation quality to their mean values and plotted against the tube voltage as shown in Figures 6 to 9. If these graphs are compared with those in Figures 2 to 5 it becomes clear that the repeated constancy check measurements of the transfer chambers at PTB reflected sufficiently lower variation compared to those of the comparison results. This is shown quantitatively by the numbers presented in Table 8 where the standard deviations of the distributions of the results, those of the stability measurements and their ratios are listed. It appears that the ratios were mostly greater by more than a factor of 3 and this is sufficiently large if one takes into account that the stability measurements include not only the real stability of the transfer chambers but also the reproducibility of the whole calibration procedure at one laboratory. Compared to the results obtained from key comparisons between national air kerma standards for low-and medium -energy x-rays, designated as BIPM.RI(I)-K2 [1] and K3 [2] , the data of the present work reflect significantly larger differences. One of the objects of this work was to analyze in more detail which influence quantities are responsible for the larger variation of the data even though in most cases the same primary standard free-air ionization chambers are used. 
Uncertainties of the calibration coefficients
From the tables in appendix B it can be seen that the relative uncertainties of the calibration coefficients given by the participants for a specific chamber and radiation quality are significantly different by up to a factor of four. In order to analyze the differences, the main uncertainty components of the participant's results given for the TK30 are compared in Table 9 for the beam qualities N-30, N-100 and N-300. It can be read from the table that the majority of the relative standard uncertainties are in the range between about 0.3 % and 0.5 %. Participants claiming uncertainties in this range obtained their dominant contributions from the type B uncertainty of the conventional true value of the air kerma rate which is measured with free-air ionization chambers. Larger uncertainties above 0.5 % were given by NMi, NPL, ARPANSA and STUK due to different sources.
The NPL obtained larger uncertainties of about 0.78 % mainly caused by an additional component, called R 50/300 , which was about 0.46 % independent of the beam quality. The NPL used two different x-ray facilities one for the low-(up to 50 kV) and the other for the medium-energy (up to 300 kV) x-ray range. The radiation quality N-40 can be generated at both facilities. When the secondary standards were calibrated at N-40 at both facilities a larger random variability was observed than for repeated measurements at any given quality at the same facility. This problem is still not resolved satisfactorily and therefore R 50/300 was introduced to account for this kind of uncertainty. In addition, NPL estimates 0.23 % uncertainty contribution from the non-uniformity of the beam, which is more than the values taken by the other participants.
The NMi submitted uncertainties of about 0.7 % for N-30 to N-200 and 1.3 % for N-250 and N-300. The increased uncertainty for N-30 to N-200 is mainly caused by the type A uncertainty in the charge measurement with the NMi free-air chamber, which was 0.5 % at all qualities. At N-250 and N-300 two additional components contribute significantly to the increased uncertainty, which are the uncertainties in the front face penetration and in the correction factor for electron loss which were estimated at 1.0 % and 0.5 %, respectively.
The ARPANSA estimated larger uncertainties between 1.1 % and 1.6 % because of type A uncertainties of their free air chamber MEFAC of up to 1.5 % at N-100. The MEFAC is designed for therapy-level beams, and has a very small signal for the ISO Narrow Series. From Table 6 it can be read that the signal current of the MEFAC was only about 0.4 pA at the radiation quality N-100.
The STUK claimed larger uncertainties of up to 1.5 % in their uncertainty budget which is due to the fact that this is a secondary standard laboratory and the main uncertainty component is the type B uncertainty of the air kerma measurements. The uncertainties given for the three transfer chambers of different sizes are compared in Table 10 for the selected radiation qualities N-30, N-100 and N-300. The PTB, OMH, BEV, NMIJ/AIST and the INER estimated essentially increasing uncertainties with increasing size of the chambers. It was already stated that NIST calibrated the larger chambers LS01 and LS10 directly against their free-air chambers. This causes slightly larger type A uncertainties in the free-air chamber current measurements due to the lower dose rates at larger distances. The other participants invoked secondary standard chambers for the calibration at larger distances and this lead to slightly increased relative uncertainties. The NMi, NPL and STUK estimated about the same uncertainties for all three transfer chambers independent on the chamber size. The NPL calibrated all the three transfer chambers at the same distance, which might be an explanation for the nearly unchanged uncertainties. The ARPANSA's uncertainties are clearly dominated by the type A uncertainties of their free-air chamber MEFAC as already stated in 3.5 and hence no correlation to the transfer chamber size is observed. 
Evaluation
The comparison was evaluated based on the results shown in Tables B1-B4 
Degrees of equivalence for the supplementary comparison EUROMET.RI(I)-S3 between national air kerma standards for the ISO-narrow spectrum series
The DoE of a national measurement standard is expressed quantitatively by two terms: its deviation, D, from the comparison reference value and the uncertainty, U, of this deviation (at a 95 % level of confidence). If x i denotes the comparison result of participant i and x r the SCRV, the deviations can be expressed as D i = (x i -x r ). The comparison results x i and their uncertainties u i associated with the data obtained from the calibration coefficients and their uncertainties of the TK30 transfer chamber were evaluated following the procedures described in reference [5] . The comparison reference values x r were calculated from the data x i and u i of all participants except STUK which does not maintain a primary standard but is traceable to PTB. However, the data of STUK is included in the evaluation of the DoE. It turned out that the evaluation of the data with x r calculated as the weighted mean of the data of the participants (procedure A in [5] ) did not pass the consistency check at the qualities N-250 and N-300. This can be explained by the significantly large differences between some of the participants results of up to 5 % which is more than about 8 times the relative standard uncertainties given by the corresponding participants. However, it is not justified to exclude some of the results as "outliers" because all of them were obtained invoking primary standard free air chambers. Therefore procedure B of reference [5] was applied which calculates x r based on the median. The uncertainties of the reference values, u r , the deviations D i and the expanded uncertainties of these, U i , were evaluated with a statistical estimation based on Monte Carlo sampling as described in [5] ; 10 6 samples were used in this calculation following the recommendation in [5] . The obtained values x r and u r are shown in Table 11 . The uncertainties of the values at N-250 and N-300 are significantly larger than those of the others. The reason is again the significant scatter of some of the participants calibration coefficients by more than several times of the corresponding standard uncertainties. The ratios of the calibration coefficients of the participants, x i , and the SCRV x r , are given in Table 12 . The DoEs were expressed as differences in the ratios with respect to the SCRV, D i = (x i -x r ) / x r and the expanded uncertainties U i of these differences. The results expressed in parts of 10 3 are summarized in Table 13 . These data are also shown in the Figures 
Influence of different realizations of the radiation qualities
The calibration coefficients obtained with the special combination of TK30 + 0.1 mm Cu filter were normalized to those obtained with the TK30 without the filter. This normalization eliminates the differences in the absolute calibration coefficients and the resulting numbers are assumed to reflect mainly the dependence of the results on differences in the realizations of the radiation qualities. These ratios of all qualities and of all participants are shown as frequency distributions in Figure 10 . In the upper part all qualities are included whereas in the lower part the data of the N-30 and N-40 qualities were omitted. It was found that 62 out of 89 data points agree within ± 0.5 %, 79 out of 89 within ± 2 %. The most significant differences were found at N-30 and N-40 at some participants sites (see Figure 7) . It can be concluded that at some participants sites there are large differences in the radiation qualities N-30 and N-40, but for the other qualities there is a sufficiently good agreement. It is recommended that the participants concerned check their corresponding qualities. From Figure 11 it can be read that the standard deviations of the frequency distributions of the values D i obtained with the transfer chambers TK30, LS01 and LS10 increase as 9.3x10 -3 , 10.4x10 -3 and 13.1x10 -3 , respectively. From this trend it is concluded that in general the results have a larger spread as the size of the transfer chamber increases. What are the possible reasons for this result? The frequency distributions of the differences in the D i data of the transfer chambers shown in Figure 12 do not contain the variation in the data due to differences in the national air kerma standards and one would expect that these distributions have significantly reduced standard deviations. However, the standard deviations of the distributions of the differences between the TK30 and the two larger chambers LS01 and LS10 are 8x10 -3 and 11.9x10 -3 , respectively, and thus are of the same magnitude as those of the DoE distributions. Only the distribution of the differences between the data of the two larger chambers LS01 and LS10 has a significantly reduced value of the standard deviation of 6.3x10 -3 .
To understand these results it is helpful to look in some more detail. From Figure 16 it can be seen that the variation of the differences in the values D i between the different chambers is of comparable size for the participants PTB, BEV, NIST, NMIJ/AIST and INER. In contrast, the standard deviations of OMH, NMi, ARPANSA, NPL and STUK show significant differences with the general trend that the value of the standard deviation of the samples of the differences between the two larger chambers is much lower than that between the TK30 and the two larger chambers. For some of the participants this observation can in part be explained by the calibration procedure. Whereas the TK30 was calibrated directly against the primary standard the LS01 and LS10 were calibrated against the same secondary standard. If the primary standard has significant type A uncertainties due to low signal currents such variations will enter into the calibration coefficients of secondary standards. If the calibration against the primary standard of the TK30 and the secondary standard to be used subsequently for the calibration of the LS01 and LS10 at larger distances are based on two different measurements with the primary standard they will reflect these differences due to the type A uncertainties. Therefore the differences in the values D i between the TK30 and the two larger chambers will reflect these differences but not those between the two larger chambers because they were calibrated against the same secondary standard which by itself has negligible type A uncertainties. This explanation is clearly the dominating effect for the results obtained by NMi and ARPANSA which can already be seen from the above Figures. However, even if the described effects and the differences in the national air kerma standards are eliminated as reflected by the data shown in the Figure 15 there still remain nonnegligible data variations between the results of transfer chambers of different sizes. Possibly these effects are due to non-homogenous radiation fields which should be considered more carefully in the uncertainty budgets.
From the analyses of the comparison results a preferred procedure can be recommended in order to achieve low uncertainties for the calibration of large detectors in low air kerma rate radiation fields. In a first step a suitable secondary standard should be calibrated against the primary chamber at short focal distances to keep type A uncertainties of the primary standard as low as possible. In a second step the large detector should be calibrated against the secondary standard at the necessary focal distance. If the secondary standard calibrated in the first step is still not suitable for the lower air kerma rates at very large focal distances a further secondary standard of bigger size than the first one should be calibrated at an intermediate focal distance and subsequently be used for the calibration of very large detectors. In general the additional uncertainties introduced by this step by step procedure using secondary standards are lower than those obtained by type A uncertainties due to low signals of the free air chamber at large focal distances. However, one should be aware of any additional type B uncertainty introduced by each step.
Summary and conclusions
Within the framework of the EUROMET project no. 545 a comparison of 10 national air kerma standards for 10 radiation qualities of the ISO 4037 narrow spectrum series in the range from 30 kV to 300 kV was conducted. (ii) Most of the relative standard uncertainties given for the TK30 calibration coefficients were in the range between about 0.3 % and 0.5 %. The dominant contribution came from the uncertainties of the air kerma rates measured with the free-air ionization chambers. Some participants estimated significantly larger uncertainties. It is recommended, that these participants improve their calibration procedures.
(iii) Differences in the beam quality realizations at the participant's sites were analyzed by the ratio of the TK30 calibration coefficients obtained without and with the 0.1 mm Cu sheet placed in front of the chamber. It appeared that the majority of these ratios, 62 out of 89, agreed within ± 0.5 % and 79 out of 89 within ± 2 %. Significant differences were only found at N-30 and N-40 at some participant's sites.
(iv) Influences on the results were analyzed if ionization chambers of significantly different sizes were used. The variation of the data points were analyzed from the evaluated DoE with the SCRV obtained with the three transfer chambers for all participant's results. It turned out that the relative standard deviations of the distributions of the differences to the comparison reference values increased with the chamber size indicating that the results become less reliable (10 out of 95 and 15 out of 93 results obtained with the LS01 and LS10, respectively, were inconsistent). A detailed analysis of the differences in the DoE data obtained with the three transfer chambers led to the conclusion that the main effects are caused by the use of non optimized calibration procedures for large detectors in radiation fields characterized by low air kerma rates and by an underestimation of the corresponding uncertainties.
In general it can be concluded, that there is a satisfying degree of equivalence between the participant's results if one takes into account that the ISO narrow qualities are mainly used for calibration of dosimeters used in radiation protection where the demand on the magnitude of the uncertainties are usually not as high as in diagnostic radiology or radiotherapy. Nevertheless, some participants should think about improvements in their primary air kerma standards, especially at N-250 and N-300. In view of the increasing scatter of the comparison results with the size of the chambers, which were not strongly correlated with the differences in the national air kerma standards, the uncertainty budgets should be checked to identify whether all components have really been included. All the participants have published CMC lines covering a wide air kerma range of ISO X-ray beam qualities. Further, published CMCs of radiation protection quantities (H*; H p ; H') are also based on the air kerma using conversion coefficients. The uncertainties of these CMC claims are not fully consistent with the uncertainty associated with the degree of equivalence in the Tables 13, D3 and D6, so these published uncertainty values need re-evaluation by the participants. A recommended procedure for the calibration of large sized detectors at low air kerma rates is to use secondary standard chambers of larger measuring volumes as transfer standards to be used at larger focal distances. The additional uncertainties introduced by this procedure are usually less than those connected with the low signal currents of the free-air chambers. However, not only the different calibration techniques of the participants but some hidden feature of the X-ray beams and setups ( time and dose rate dependence of radial non-uniformity of the beam, ageing effect of the tubes ) could be the reason of different values in the Tables 13, D3 , and D6. Finally, some of the participants should check their realizations of the ISO narrow qualities especially at N-30 and N-40. It is recommended to repeat this type of comparison after a period of 10 years. Tables of the participants results   Table B1 . Calibration coefficients in units of 10 6 Gy/C and relative standard uncertainties given by the participants for the transfer chamber TK30-113.
APPENDIX B:
TK30-113: Calibration coeffients in units of 10
6 Gy/C Table D5 . Ratios x i /x r at each of the radiation qualities based on the results obtained with the LS10 chamber EUROMET.RI(I)-S3 Degrees of equivalence for air kerma -ISO N-300
